Co(II) concentrations were performed using the Malvern Nanosizer ZS (Malvern Instruments, Worcestershire, UK). For size measurement BRAND® UV cuvettes micro were filled with a sample volume of 100 µl. Data were obtained by applying automatic measurement duration, positioning and attenuator settings in the backscattering mode at 173°. Z-average was used as a measure for the size of the aggregates present in the reaction mixture. Due to the rod-like structure of TMV the hydrodynamic radius, calculated for spheres, is shown as apparent hydrodynamic radius. The polydispersity index was between 0.1 and 0.31 for all samples. Folded capillary zeta cells (Malvern Instruments, Worcestershire, UK) were used for zeta potential determination. Three measurements with automatic subruns were performed for each TMV/ CoCl 2 mixture. The zeta potential was evaluated according to the Smoluchowski equation. The same mixtures of TMV and CoCl 2 were used for both measurement modes, size and zeta potential. For each sample 500 µl TMV 0.2 gL -1 in H 2 O were mixed with 500 µl of dd
Materials and Methods

1.1
Chemicals.
All reactant solutions were prepared using deionized water (ELGA Maxima, resistivity = 18.2 MΩcm). Commercially available reagents were purchased in analytical grade and applied without further purification. Cobalt(II) chloride hexahydrate (CoCl 2 ·6H 2 O) and ammonium carbonate ((NH 4 ) 2 CO 3 ) reagents as well as ethanol absolute were purchased from Sigma
Aldrich. Wild-type tobacco mosaic viruses (TMV) were isolated and purified according to the procedures detailed below. Glassy carbon particles (spherical powder, 2-12 µm) and Nafion perfluorinated resin solution (5 wt% in lower aliphatic alcohols and water, 15-20 % water) for the preparation of electrodes for oxygen electrocatalysis as well as a cobalt(II,III) oxide (nanopowder < 50 nm particle size) for reference purposes were purchased from Sigma Aldrich. Sodium hydroxide was obtained from ABCR GmbH.
Isolation and Purification of Tobacco Mosaic Virus Particles.
Tobacco mosaic virus strain U1 was propagated in Nicotiana tabacum 'Samsun' nn plants for 4 weeks following mechanical inoculation. Virus particles were isolated from freshly harvested or frozen leaves according to a modified protocol of Chapman. 1 The virus particles were either stored in 10 mM sodium potassium phosphate (SPP) buffer, pH 7.4 or in dd H 2 O at a standard concentration of 10 gL -1 at 4 °C until further use.
Investigation of the Aggregation Behavior of TMV in CoCl 2 -solution.
H 2 O or either 0.2, 2, 20 or 200 mM CoCl 2 , incubated for 30 min and then centrifuged 5 min at 5,000 g at room temperature in a tabletop centrifuge (Eppendorf, Hamburg, Germany). Size measurements were performed with 100 µl of the supernatant, while 800 µl were used for determination of the zeta potential. TMV in 10 mM SPP pH 7.4 at 0.1 gL -1 was analyzed for reference.
TEM and Sample Preparation/ Staining. For the preparation of TEM samples the pellet of a 0.1 gL -1 TMV and 100 mM CoCl 2 solution obtained after centrifugation at 5,000 g for 5 min was re-suspended in 100 µl dd H 2 O. For comparison the supernatant of a 0.1 gL -1 solution of TMV in 10 mM SPP pH 7.4 after centrifugation at 20,000 g for 5 min was used. The TMV solutions were adsorbed on Formvar®-coated, carbon-sputtered 400 mesh copper grids (Ted Pella, Redding, CA) for 10 min followed by washing of each grid 3 Parafilm, which was subsequently punched with 5 needle holes. These vials were then placed in a sealed desiccator together with two more vials of the same size, each filled with 5 g of ammonium carbonate and also covered with Parafilm, into which 5 needle holes were punched. Typically, the Co(II)-solutions were exposed to the CO 2 and NH 3 vapor phase formed by decomposition of the solid (NH 4 ) 2 CO 3 for 2 days. In order to study the evolution of particle morphologies and composition, samples were also drawn after shorter periods of time (12 hours, 24 hours, 36 hours). The obtained products were then filtered under vacuum and the solid residues were rinsed with copious amounts of deionized water and ethanol. After drying, the solids were stored in a desiccator under vacuum. In order to convert the basic cobalt carbonate precursor into spinel-type cobalt oxide, the samples were annealed in a tube furnace at 400°C under air atmosphere for 2 hours.
Mineral Precipitation in the Presence of Tobacco Mosaic Viruses.
To evaluate the structuredirecting effects of virus particles on the formation of the mineral phase, samples were prepared as described above, but with different amounts of TMV ([CoCl 2 ·6H 2 O] = 100 mM,
[TMV] = 0.02 g·L -1 , 0.1 g·L -1 or 0.5 g·L -1 ) added to the cobalt solution before exposure to ammonium carbonate vapor.
Ammonium Carbonate Diffusion Experiments with Cobalt-Free Virus Suspensions.
As a control experiment, we studied whether precipitation of the virus particles can be induced during the ammonium carbonate diffusion reaction in the absence of Co(II)-ions due to the change in pH and a concomitant formation of carbonate ions. For this purpose, TMV dispersions were prepared in ultra-pure water at the same concentrations as typically used in our mineralization experiments. Reaction vials containing 10 mL of these solutions were then placed in a desiccator and exposed to ammonium carbonate vapor for 2 days. Under these conditions the solution stayed clear and we did not observe any indication for phase separation or aggregate formation in the absence of Co(II)-ions. Hence, the virus particles do not seem to be sensitive to pH changes in the range relevant for our mineralization experiments nor to the presence of corresponding amounts of carbonate ions. Vibrational Spectroscopy. An IFS 66/S FT-IR spectrometer from Bruker was used to record infra-red spectra of powdered samples in a wavelength range from 700-3500 cm -1 . The instrument was equipped with a diamond ATR (golden gate) unit purchased from Specac.
Selected samples were also investigated by Raman spectroscopy using an inVia-Raman microscope equipped with a 785 nm diode laser (Renishaw Raman 2000). In this case, the laser was focused onto individual particles through a 50x objective (numerical aperture NA 0.75) and the laser power was adjusted such that sample degradation was prevented.
Thermal Analysis. Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed to analyze the composition of the mineral precursor phase and the temperature range in which transformation into cobalt(II,III) oxide occurs. The measurements were carried out with an STA 449C instrument (NETZSCH, Germany). Data were recorded under synthetic air atmosphere (100 mL·min -1 ) in a temperature range between 25°C
and 600°C with a heating rate of 10°C·min -1 . Additionally, a concentrated suspension of TMV in water was analyzed for reference. In order to allow complete evaporation of excess water to resolve the decomposition of the protein-based virus particles, this non-mineralized sample was subjected to a heating regime including the following steps: (1) heating from 20°C to 100°C at 10°C·min -1 , (2) keeping the sample at a temperature of 100°C for 1 min, and (3) heating from 100°C to 600°C at 10°C·min -1 .
Powder X-Ray Diffraction (PXRD). X-ray diffraction of finely ground powders was carried out for phase identification. All measurements were performed in Bragg-Brentano geometry on a Rigaku SmartLab instrument using monochromatic Cu-Kα radiation at 40 kV and 40 mA. Data were recorded in an angular range between 10° and 90° in steps of 0.04° with a scan rate of 0.5°min -1 . Figure S1 . Cross section of a mineral sheet formed at the air/ solution interface under additive-free conditions imaged by scanning electron microscopy. The arrow head points to the air-exposed side of the film, where the material appears to be denser. On the opposite side, nucleation of plateletshaped particles facing towards the solution is frequently seen. Scanning electron micrographs of an electrode prepared from virus-directed Co 3 O 4 recorded after exposure to a current density of 10 mA·cm -2 in OER for 10 min (A-C). For comparison, a micrograph of a Co 3 O 4 particle on the same electrode before use is shown in (D) at the same magnification as in (C).
SDS-Polyacrylamide Electrophoresis and Western Blot
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Chemical Composition of Mineralization Products
A range of analytical techniques including Infra-red and Raman spectroscopies, thermal analysis and powder x-ray diffraction were used to study the chemical composition of the different precipitates before and after calcination. In this section we provide further details on these analyses.
Mineral Precipitated via Ammonium Carbonate Diffusion in the Absence of Additives.
Upon exposure of a 100 mM solution of CoCl 2 ·6H 2 O to ammonium carbonate vapor, a film-like material with blue-green color was first deposited at the air-solution interface after approximately 6 hours. In the progress of the reaction, this interface-grown material slowly changed its color to an intense pink, while light pink mineral particles started to form in bulk after 24 hours. Note that these colors are typical for cobalt(II) hydroxide and cobalt(II) carbonate phases as they can be obtained from hydrothermal reactions.
Infra-red (IR) spectra were recorded from dried powders of the earliest interface-grown mineral species as well as the mature precipitate isolated after 48 hours (Fig. S2 ). Vibration bands characteristic of both, hydroxide and carbonate ligands were identified in the IR spectrum of the final pink precipitate (red line), where this is in agreement with a general composition of Co(CO 3 ) x (OH) y .
Specifically, the presence of carbonate ions is evidenced by vibration bands at 829 cm -1 , 1070 cm -1 , and 1391 cm -1 , while the peak at 964 cm -1 can be assigned to a δ(Co-OH) bending mode. 6 A weak intensity band at 1641 cm -1 and a broad band centered at around 3300 cm -1 indicate bending and stretching modes of absorbed water molecules, where the shoulder at 3485 cm -1 can be assigned to O-H stretching vibrations in the hydroxyl units. 7 In contrast, the film-like, blue-green product initially deposited at the interface shows comparably weak signals, which points to a more disordered structure at early stages of the reaction.
However, a broad absorption band at 829 cm -1 , which is characteristic of the symmetric bending mode of carbonate ions ( 2 (CO 3 2-)), can be clearly identified. The band at 3485 cm -1 , which is related to stretching vibrations of the hydroxyl groups, was found to be very sharp and pronounced in the early stage sample. The band attributable to the asymmetric stretching mode of the carbonate ions, which occurs at around 1400 cm -1 in the mature material, is split into two components in the spectrum recorded from the early stage precipitate, indicating the presence of two non-equivalent types of carbonate ions. This might be an additional indication for a less ordered or even amorphous nature of the film-like material extracted after 6 hours.
The mature precipitate was further investigated by thermal analysis and powder x-ray diffraction. Thermogravimetric analysis (Fig. S2) With the aim to exactly determine the crystallographic phase of the mineral precursor, x-ray diffraction was performed on a powder sample (Fig. S3, black line) . Due to a strong fluorescence background presumably originating from the interaction of Cu-K  radiation with the cobalt-containing sample, it was not possible to identify and assign any distinct Bragg reflections attributable to the basic carbonate precursor. After thermal conversion of the precursor at 400°C, however, the diffractogram clearly showed a peak profile characteristic of Co 3 O 4 . 9
Virus-Directed Mineralization.
Vibrational spectroscopy and thermal analysis were performed to study the composition of a mineralization product precipitated via ammonium carbonate diffusion from a solution with reactant concentrations of [Co 2+ ] = 100 mM and [TMV] = 0.1 g·L -1 . The infra-red spectrum recorded for a material recovered from the reactant solution after 2 days (Fig. 4C) was largely similar to that of the purely inorganic basic cobalt carbonate showing exclusively bands attributable to carbonate and hydroxyl units as well as a broad signal centered at around 3250 cm -1 , where the latter is indicative of adsorbed or structural water molecules. This suggests that co-precipitation with the biogenic nanoparticles did not substantially affect the composition of the inorganic phase.
In complementation of the IR-measurements, Raman spectroscopy was performed on selected particles and particle aggregates (Fig. 5A) . These measurements confirmed that the purely inorganic material (black curve in Fig. 5A ) and the mineral phase deposited in the presence of TMV particles (grey curve in Fig. 5A ) were similar in their composition showing vibration bands that can be assigned to CO 3 2- and Co-O modes. Specifically, characteristic vibration bands appeared at Raman shifts of 453 cm -1 , 534 cm -1 , 752 cm -1 , and 1085 cm -1 . 7 The sample prepared in the absence of TMV additionally showed three weak bands at 482 cm -1 , 621 cm -1 and 690 cm -1 . As these signals appear in spectral regions characteristic of the Co-O vibrations in Co 3 O 4 , they might originate from partial oxidation of the product during illumination with the Raman laser even after very short illumination times. After calcination at 400°C, the Raman spectrum of the TMV-mediated material exclusively showed vibration bands attributable to Co 3 O 4 , which were identified at 191 cm -1 (F 2g ), 473 cm -1 (E g ), 513 cm -1 (F 2g ), 611 cm -1 (F 2g ), and 679 cm -1 (A 1g ). 10 Similarly, only very subtle differences were observed between the TGA and DSC profiles of Co(CO 3 ) x (OH) y deposited in the absence (Fig. S2 ) or presence of TMV (Fig. S6 ). Most importantly, the transformation temperatures for the precursor-to-oxide transition were the same for both precipitates (Figs. S2 and S6). In this context, the temperature required for decomposition of the basic cobalt carbonate and formation of the spinel-Co 3 O 4 crystal lattice critically depends on the crystallinity of the precursor phase. The weight loss recorded in the temperature range between RT and 200°C was, however, slightly increased from 8 wt.-% (additive-free sample) to 9.6 wt.-%, when tobacco mosaic viruses had been added to the reactant solution and a small shoulder appeared in the DSC curve at a temperature of ̴ 175°C (Fig. S6, red arrow) . In order to study the origin of the shoulder observed in the composite material, we performed thermal analysis on a suspension of non-mineralized TMV in water.
This experiment, however, did not confirm a thermal event in the bare virus occurring at the specified temperature.
Given that TGA analysis did not provide any indication for a partial decomposition of the biogenic nanorods at temperatures < 200°C (Fig. S6 ), we speculate that the higher overall weight loss in the virus/ mineral composite sample as compared to the purely inorganic basic cobalt carbonate originates from an increased incorporation of water molecules into the mineralized product due to association with the hydrophilic virus particles. In this, we emphasize, however, that the TGA-profile of the bare virus at very low temperatures (T < 100°C) is strongly dominated by the evaporation of excess water from the virus particle suspension, which could potentially mask transformations in the protein-based biotemplates.
After calcination of the virus/ mineral composite, the x-ray diffraction profile showed the characteristic (111), (220), (331), (400), (422), (511), and (440) Bragg diffraction peaks of spinel-type Co 3 O 4 , 9 which demonstrates that this catalytically active transition metal oxide phase can be obtained by thermal conversion of the virus-directed material. In similarity with the sample precipitated in the absence of virus particles, however, the diffractogram of the TMV/ mineral precursor recorded prior thermal conversion was dominated by a strong fluorescence background that did not allow us to discern any sample-related diffraction peaks for phase identification.
